INTRODUCTION
The strong association between primary sclerosing cholangitis (PSC) and inflammatory bowel disease has since the early days suggested that gut microbes could play a key role in the disease process. In fact, antibiotics were the treatment of choice in the first interventional trials in PSC [1] , and all common hypotheses of the etiology of the disease may involve the gut microbiota or gut-liver axis [2] .
The vital role of the commensal gut microbiota as an integrated part of human physiology, through, for example, the production of secondary bile acids, short-chain fatty acids, and vitamins, has been established for decades. However, the notion that the gut microbiota (i.e., the microbial contents of the intestine) could be an important contributor to human metabolic and inflammatory diseases started to emerge about a decade ago. Until recently, there was little evidence derived from PSC or experimental models of the condition. This has lately changed dramatically. The scope of this review is therefore to present an overview of recent studies of the intestinal microbiota in human or experimental PSC. ] or letters to the editor [8] [9] [10] . Four of these focused on mucosal biopsies (Table 1 ) and the last four analyzed fecal samples ( Table 2 ). The studies of the gut mucosal microbiota in PSC are small, including between 11 and 31 PSC patients (Table 1 ). In the first study from Rossen et al.
LESSONS FROM CASE-CONTROL STUDIES
[3 main findings were a reduced intra-individual (alpha) diversity of the mucosal microbiota in PSC (n ¼ 12) compared with noninflamed controls (n ¼ 9). In addition, a reduced abundance of uncultured Clostridiales II was observed. The following three studies all used sequencing-based analysis of 16S rRNA amplicons and except observations of differences between PSC and controls, the results show few signs of overlap (Table 1 ). An illustration of the challenges in the field was the observation from the study of Canadian and Norwegian patients by Kevans et al. [4] , wherein the main determinant of global microbiota differences was geography, suggesting that multicenter studies are important, but must be performed with great care.
The studies of the fecal microbiota in PSC exhibit more overlap (Table 2 ). In the largest study [6 & ] from Norway, in total 85 PSC patients were included, using a two-stage design by splitting the participants into a discovery and validation panel. The main findings of this study were that the global microbiota composition was different in PSC patients, compared with healthy controls and ulcerative colitis patients and characterized by reduced intra-individual diversity. The Veillonella genus was increased in PSC compared with both healthy controls and ulcerative colitis patients. In addition, using only those taxa most strongly associated with PSC, it was possible to separate PSC from healthy controls with an acceptable area under the curve (AUC) (0.78).
In a similar study from Belgium by Sabino et al.
], 66 PSC patients were included, verifying that PSC exhibit reduced intra-individual diversity. An increase in the Veillonella genus was also reported in this study, although this was nonsignificant when removing patients with cirrhosis, suggesting that it may primarily be related to late stage liver disease. In addition, several other taxa were found to be overrepresented in PSC, namely Enterococcus, Fusobacterium, and Lactobacillus. By using these, cases and controls in the validation panel could be identified with reasonable precision.
The two final studies are so far only published as letters to the editor as a response to the papers mentioned above. In a German cohort with 73 PSC patients, the specific findings by Kummen et al. were reassessed, confirming the increased abundance of Veillonella in PSC compared with controls, but not with ulcerative colitis patients [9] . Applying the selected taxa used to separate PSC and healthy controls in the Norwegian study, they were also able to separate PSC from healthy controls with an AUC of 0.857. Finally, in a study [10] of 13 pediatric PSC patients from Japan, global microbiota differences were seen compared with controls, along with reduced alpha diversity and an increase in Veillonella and Enterococcus.
These results represent strong evidence that PSC is associated with an altered gut microbiota. The overlap in the studies of fecal microbiota is almost surprising given the different methods used in all steps of the microbiota analyses, from extraction methods to the choice of target region in the 16S rRNA gene. Also, the patient populations were different both in terms of geography, age, and exclusion criteria (Table 2 ). In contrast, the results from the mucosal microbiota studies are more heterogeneous and difficult to interpret. However, one could speculate that there is an undiscovered functional overlap in all these studies, as they are 16S rRNAbased studies investigating microbial composition on taxonomic level. Functional metagenomics studies revealing the genetic content of the gut microbiota have so far not been cost-effective in mucosal samples due to the overwhelming amount of host DNA in these samples. Yet, the field should keep studying both fecal and mucosal samples, because these may represent different but important aspects of the gut microbiota in PSC; the luminal microbiota, with its large metabolic capacity, and mucosal microbiota, with its close interaction with host immune cells.
THE IMPORTANCE OF MICROBIAL METABOLISM AND FUNCTION
A fundamental feature of the gut microbiota in humans is that the distribution of bacteria present
KEY POINTS
Multiple studies have now firmly established the presence of an altered gut microbial composition in PSC.
The gut microbiota in PSC is characterized by low diversity and alterations in multiple bacterial taxa.
Experimental models of PSC show aggravated or attenuated disease when re-derived into germ-free facilities, probably depending on host genotype and the dominating disease mechanisms in the models.
Further studies with larger cohorts and a focus on functional bacterial alterations will be important, in addition to basic translation to experimental studies.
Proof-of-concept clinical studies of the gut microbiota as biomarker or treatment target may potentially lead to altered clinical practice before the mechanisms are fully elucidated. [10] (pediatric PSC/letter)
PSC patients 66 (100) 85 (100) 73 (100) 13 ( Intestinal microbiota in primary sclerosing cholangitis Hov and Kummen (microbiota profile) is highly variable between individuals, whereas the microbial functions present (as defined by bacterial genes) are a lot more similar [11] . Determination of the entire metagenome in a disease, that is, all bacterial genes present, could provide a clue to the functional consequences of the altered microbiota. Only few studies have so far applied large-scale complete metagenomics in disease-focused studies [12, 13] and none in PSC, as these are expensive and computationally demanding. Microbial functions may also be measured by microbial metabolites in the circulation or feces. The microbial influence on the human metabolome has been proposed as a major pathway for the health effects from the gut. This is best exemplified by the studies on trimethylamine-N-oxide (TMAO) in cardiovascular disease [14, 15] . In several landmark studies [14, 15] it has been shown that microbial metabolism of dietary choline and carnitine to trimethylamine and subsequent oxidation in the liver to TMAO leads to cardiovascular disease, and high levels of TMAO is associated with cardiovascular end-points. This process is entirely dependent on the gut microbiota and provides a link between diet, microbes, and disease. Metabolomic studies in small numbers of PSC patients have shown that both the global bile acid composition and profile of the circulating metabolome in PSC differs from controls [16, 17] . This may in part be caused by altered microbial functions, but whether it has an impact on disease development is not known. In a recent Norwegian study [18] , the concentration of the microbiota-dependent metabolite TMAO was lower in PSC patients (n ¼ 305) than in controls. When removing patients with reduced liver function, the concentrations were similar, suggesting that the final step of TMAO synthesis in the liver is impaired in late stage disease. In the subgroup with normal liver function elevated TMAO was associated with reduced liver transplantation-free survival, suggesting that the interaction of diet and gut microbial function may be relevant for disease progression, although the study is limited by the lack of data on diet and antibiotics use at sampling. Importantly, in PSC, high TMAO could be speculated to involve elevated levels of the precursor trimethylamine, because experimental studies suggest that TMAO and related methylamines induce cholestasis, cholangiocyte proliferation, and cholangiofibrosis [19] , with increased trimethylamine in males [20] . Of note, both Veillonella species and several bacteria, reported to be enriched in the mucosa of PSC patients, contain genes that encode amine oxidases producing primary amines [8] .
GENETIC AND ENVIRONMENTAL DETERMINANTS OF THE HOST MICROBIOTA
Twin studies suggest that the microbiota is in part heritable [21] . Extending from the genetic studies in inflammatory diseases like PSC, there has been an increasing interest to investigate if disease susceptibility genes influence the microbiota. However, using a unique selection of healthy individuals being homozygote for the strongest genetic risk factor in PSC, the HLA-BÃ08:01-DRB1Ã03:01 haplotype, only very modest associations with gut microbiota composition were observed, suggesting that the effects are very small or that this haplotype does not increase disease susceptibility via the gut [22] . In contrast, in IBD, a genetic risk score based on susceptibility genes involved in bacterial handling was associated with gut microbiota profile in healthy individuals [23] , suggesting that IBD risk genes influence gut microbial composition.
The concept of gene-microbiota interaction has also been investigated in large population-level cohorts [24
The results provide compelling evidence that the gut microbiota composition is in part dependent on variation in host genetics. On a group level, the effects of genetic variation were as strong as the effects of nongenetic factors (e.g., diet, body mass index, gender, and smoking) [24 && ]. Of particular interest is the identification of genetic variation in the vitamin D receptor as a determinant of the gut bacterial composition and bacterial bile acid-related gene pathways [24 && ]. Because the vitamin D receptor is an important receptor for microbiota transformed secondary bile acids like lithocholic acid, in addition to vitamin D [27], these data identify important host-microbial interactions, which may be highly relevant for bile acid homeostasis and the biliary environment.
THE GUT MICROBIOTA IN ANIMAL MODELS OF PRIMARY SCLEROSING CHOLANGITIS
In order to understand the causal relationship between gut microbes and disease, gnotobiotic or germ-free animals are important tools. Recently, the role of the gut microbiota has been investigated in two mouse models of PSC [28
. Multidrug resistance gene 2 knockout (Mdr2 À/À ) mice lack phospholipids in the bile and acquire a sclerosing cholangitis characterized by fibrosis, which is widely used as a mouse model for PSC. In an experiment conducted by Tabibian et al. [28 && ], Mdr2 À/À mice were re-derived into and maintained at a germ-free facility. These mice exhibited exaggerated liver disease as shown by increased cholestasis and fibrosis, ductopenia and ductular reaction, as well as increased cholangiocyte senescence. As expected, circulating secondary bile acids, which are entirely dependent on microbial metabolism, were completely absent in the germ-free mice. This may have caused the worsened phenotype. In contrast, in a study by Schrumpf et al. [29 & ] using the NOD.c3c4 mouse model of immune-driven biliary inflammation, re-derivation of the mice into a germ-free facility attenuated the liver disease. Similar but weaker effects were seen in mice receiving nonabsorbable antibiotics from weaning, while co-housing experiments were unable to detect a transmissible phenotype. Also, NOD.c3c4 mice had different gut microbiota composition than control mice, even after re-derivation into a new animal facility.
These two studies are of particular interest showing that an altered gut microbiota has opposite effects depending on the nature of the disease process and host genes. Other models of liver disease characterized by fibrosis (a hallmark of disease in Mdr2 À/À mice) are also worsened under germ-free conditions [30] . Germ-free models can be criticized for being highly unnatural, with considerable changes in their immune system, and consequently it would be interesting to investigate both whether Mdr2 À/À mice treated with antibiotics also exhibit worsening of their liver disease, and whether this phenotype could be transmissible in cohousing experiments. Also, based on the available data, colonization experiments using, for example, Enterococcus or Veillonella would be of interest in relevant models.
DISCUSSION AND THE ROAD AHEAD
Two main conclusions can be drawn with reasonable certainty from present studies of the intestinal microbiota in PSC: first, PSC patients have an altered gut microbiota characterized by reduced diversity and alterations of specific taxa; and second, gut microbiota alterations in mouse models of chronic cholangitis may improve or worsen the disease phenotype depending on the host genes and the driving mechanisms of disease. Whether, or how, these two observations are linked is not known, and it is probably too early to conclude that the observed microbial alterations in human PSC are relevant for the pathogenesis or could have implications for clinical practice. Still, the observations provide an important starting point and strong rationale to prioritize this field ahead. The limitations of the present data include the cross-sectional design, the selection of controls, and the multiple biases associated with PCR-based microbiota profiling.
Importantly, the effect size of gut microbiota alterations may be small, perhaps in the range of what has been observed in the genetics of common diseases. The current studies are therefore probably highly underpowered and insensitive to microbial alterations that could be of importance, urging the community to collaborate to increase study size. Importantly, a definition of a 'pathogenic' microbiota does not exist, and therefore we do not know what to look for. Is disease caused, or altered in its development, by, for example, a 'dysbiotic ecosystem' or a single pathogenic microbe? Increasing evidence suggest that microbial functions are more important than the microbial composition. It will therefore be important to delineate functional consequences of the observed microbiota alterations by applying complete metagenomics to study gene content and metabolomics to capture the fingerprints of microbial metabolism.
The published data are promising because a microbial signature of PSC may exist. This means that the gut microbiota may be of clinical importance long before causality is understood or established [31, 32] . The individual differences in gut microbiota profile, and the excellent ability of simple profiles to separate different phenotypes suggest that the gut microbiota is relevant as a biomarker [31] . Biomarkers could be diagnostic, but it would be clinically more relevant to assess the value of the gut microbiota as biomarker of prognosis. Such associations would also strengthen the link between gut microbiota and the disease process in PSC. Targeting the microbiota in treatment trials in human disease could also provide strong proof for a mechanistic role of the gut microbiota. Several trials of antibiotics have been performed in PSC [33, 34] , and in particular pilot trials of vancomycin show some promise. Fecal microbiota transplantation (FMT) could also be tested. Two recent studies [35, 36] of FMT in ulcerative colitis patients have provided some lessons on the potential and pitfalls of this approach. There were signs of effect, with one of the studies reaching the primary endpoint [36] . However, issues like choice of donors, administration route, and frequency of FMT need further study. In addition, data also suggest that to achieve remission of colitis, treatment early in disease course may be critical, and this could be a challenge in PSC [36] .
CONCLUSION
Data from multiple studies have now firmly established the presence of an altered composition of gut bacteria in PSC. Further work needs to focus on defining the details of this in larger studies, as well
Intestinal microbiota in primary sclerosing cholangitis Hov and Kummen as characterizing the functional consequences, and include viral and fungal contributions to the microbiota. In addition, we are still awaiting the definite proof that gut microbiota alterations have pathogenetic or clinical impact in human PSC, which could be provided by experimental or proof-of-concept clinical trials.
